Background: Osteoarthritis (OA) is a chronic condition characterized by pain, impaired function, and reduced quality of life. A number of risk factors for knee OA have been identified, such as obesity, occupation, and injury. The association between knee OA and physical activity or particular sports such as running is less clear. Previous reviews, and the evidence that informs them, present contradictory or inconclusive findings.
prolonged periods) is unclear. If the mechanical loading stimulus of running helps elicit beneficial adaptation to the joints and surrounding structures, running may have a protective effect. Conversely, if a joint's tolerance to loading is exceeded as a result of running, it could be a risk factor. The relationship is further complicated because running itself is directly (and indirectly) associated with other risk factors, such as joint injury and body mass index. 3, 50 The risk of knee joint injury varies across different sports and physical activities. 23, 34 Therefore, studying running independently from other sports may help to elucidate the relationship between physical activity and OA risk.
A number of reviews have investigated the role of physical activity, or particular sports, in the development of OA and have been inconclusive or contradictory. 3, 8, 51, 52 One explanation for discrepant conclusions may lie in the different methods used by investigators to measure and classify physical activity. 3 The review by Urquhart et al, 51 for example, excluded studies investigating physical activities of daily living. In addition, the type of sporting activity may be relevant, if different activities affect the knee joint structures in nonconsistent ways. 6 Some previous reviews reported on the role of running in knee OA. 8, 12, 45 However, 1 of these is now more than 10 years old, 45 whereas the 2 more recent reviews were restricted in scope: 1 review examined elite-level running only 12 and 1 review was limited by language (English only) and date (after 1990). 8 The objective of the current review is to determine, from the published literature, the role of running in the development of knee OA.
METHODS
Recommendations by the Cochrane Collaboration 15 were adopted for this review. The methods are also in keeping with recent recommendations published in the American Journal of Sports Medicine.
14 The protocol was registered on the PROSPERO database (Reg. No. CRD42015024 001). 4 
Search Strategy
Four electronic databases (MEDLINE via OvidSP, EMBASE via OvidSP, SPORTDiscus via EBSCOhost, and PEDro [Physiotherapy Evidence Database]) were searched (for search terms, see the Appendix, available in the online version of this article and at http://ajsm.sagepub.com/supplemental). Searches were not limited by language or date. Database searches were supplemented by hand-searching the citations in identified reviews and eligible articles as well as hand-searching the contents of recent or in-press editions of 4 prespecified, relevant journals (American Journal of Sports Medicine, Journal of the American Medical Association, Osteoarthritis and Cartilage, and Journal of Bone and Joint Surgery). Searches took place from June to November 2015, and results were imported and de-duplicated using EndNote X6 (Thomson Reuters).
Study Selection
Two reviewers independently assessed each reference against prespecified inclusion and exclusion criteria (see protocol on PROSPERO 4 ) using a 2-stage process: (1) titles and abstracts and (2) full-text articles. Discrepancies were settled by discussion between reviewers or consultation with a third author. Eligible studies were cohort studies, case-control studies, or randomized trials that included adult samples, measured exposure to any form of running or jogging (including running-related sports such as triathlon and orienteering), included a comparison group, and assessed any one of the following outcomes:
1. Any definition of diagnosed knee OA 2. Radiographic or imaging markers of knee OA 3. Knee arthroplasty for OA 4. Knee pain 5. Disability specifically associated with the knee Excluded studies were those that reported outcomes not specific to the knee joints and those in which the time between exposure to running and the outcome was inadequate (a minimum of 1 year). Retrospective cohorts, defined as cohorts in which prior running exposure was established at recruitment, were eligible. Studies were also excluded in which running exposure was combined with other sports or activities and therefore running exposure could not be identified independently. This review did not consider gray literature. More detailed eligibility criteria are available in the review protocol. Studies were not excluded on the basis of language or date. Translators were sought for non-English references.
Data Extraction and Synthesis
Data were extracted for each eligible article by a single reviewer using a prepiloted extraction form. Data extraction was checked by a second reviewer. When multiple publications were found for a study, the most recent results for each outcome were extracted. When a study included more than 1 comparator, comparisons with community controls were prioritized (eg, over comparisons with athletes from other sports).
All eligible studies are included in a narrative synthesis, organized by outcome and study design. Meta-analysis was considered for each eligible outcome; however, due to high levels of between-study methodological heterogeneity and small numbers of studies for each outcome, meta-analysis was appropriate for only 1 outcome: knee arthroplasty (3 case-control studies). Due to the observational nature of case-control studies, a random-effects model was conducted in Review Manager (RevMan; version 5.3 43 ; The Nordic Cochrane Centre) by use of the Mantel-Haenszel method of weighting. 36 All rates entered were crude (unadjusted). Missing data were not accounted for. Measurement effects are expressed as odds ratios (ORs) with 95% confidence intervals (CIs). Due to the small number of studies (n = 3), subgroup or sensitivity analyses (as prespecified in the protocol) were not undertaken. The I 2 statistic was used The American Journal of Sports Medicine as a measure of heterogeneity, and 95% CIs were determined by use of the noncentral chi-square approach. 17 
Risk of Bias
The Newcastle-Ottawa scale 54 was used to assess each eligible study for risk of bias. Two reviewers independently assessed each study. Disagreements in ratings were resolved by consensus or through consultation with a third reviewer. Studies were not excluded on the basis of risk of bias.
The possibility of publication bias cannot be excluded. Funnel plots were not attempted because too few studies were included the meta-analysis. 47 
RESULTS
The search results are shown in Figure 1 , according to PRISMA guidelines. 37 After screening, 25 articles k were identified as eligible, describing 15 studies. Study names were assigned comprising first author and year of first publication ( Table 1) . Year of (first) publication ranged from 1977 to 2010. Two studies were not published in English: 1 study was Danish, 7 and 1 study was German. 16 
Study Characteristics
Study characteristics are summarized in Table 1 . The majority (n = 11) were cohort studies, 6 of which were retrospective. 7, 16, 22, 38, 39, 46 The remaining 4 studies used a case-control design. 21, 35, 44, 48 All of the eligible studies were based on either European or US populations.
Cohort Studies. Three studies, all investigating radiographic outcomes, identified fewer than 5 years of running exposure and could be described as short-term. 16, 38, 39 Three studies were long-term investigations (exposure and outcome separated by at least 25 years), 19, 22, 46 and 4 studies were medium-term investigations (between 5 and 25 years of exposure). 5, 10, 26, 40 One study 7 did not report the study duration. In the majority of the cohort studies (n = 7), exposure to running was defined as membership in a club or association or having taken part in competition. One cohort was recruited from a broader community rather than via clubs or competition records. 10 Several studies 16, 39, 41 did not describe recruitment or how the exposure was determined. Sample sizes of cohorts ranged from 15 to 1279 (Table  1) , with 7 of the 11 cohorts including small (n 100) samples. Five of the cohorts included both males and females, 1 study included only females, 46 and 5 studies included only males. Mean age at outcome assessment ranged from 27.4 to around 69 years. All but 3 of the studies investigated running or jogging as the exposure. The other 3 studies investigated orienteering or triathlon. No studies specifically reported exposure to short-distance running.
Five of the cohorts recruited only elite athletes (or former professional athletes). Nonrunners were recruited from a variety of sources: public military archives, the community, hospital radiology departments, within the cohort, or other studies. Two studies additionally compared the subjects against former elite athletes from other sports. 24, 46 Two studies did not report how ''nonrunners'' were defined, identified, or recruited.
39,41
Case-Control Studies. Three of the case-control studies based their case definition on hospital registries of knee arthroplasty procedures: in Sweden, 44 Finland, 35 and the United States. 21 The other case-control study 48 was based in Sweden and used listed diagnosis of knee OA from hospital registers to define cases. To assess exposure to running (and other sports and activities), participants were mailed questionnaires 21, 44, 48 or were interviewed. 35 The studies based in Finland and Sweden 35, 44, 48 were able to randomly select controls from national registers of the base population. The US-based study 21 recruited controls from the Stanford Lipid Research Study. Three of the case-control studies matched subjects based on age and sex. Thelin et al 48 additionally matched subjects based on area of residency. Sandmark and Vingard 44 did not report matching. Two of the studies 21, 35 investigated running, whereas 1 study 48 focused on orienteering and 1 study 44 measured both jogging and orienteering. All case-control studies included both males and females.
Narrative Synthesis
Findings from each study are summarized in Table 2 .
Diagnosis of Knee OA. Seven cohort studies included diagnosis as an outcome, 3 of which measured incidence prospectively. The diagnostic criteria used were different in almost every study ( Table 2) . Of the 4 studies that reported formal statistical comparisons, 3 found no differences in knee a CHD, coronary heart disease; F, female; M, male; n/a, not applicable; NR, not reported; OA, osteoarthritis; TF, tibiofemoral; TKR, total knee replacement. b In studies that entailed more than 1 publication, the year given is the year of the first publication, and the author given is the lead author for the first publication. Lane is not a listed author in all the references cited here. One paper, Chakravarty et al, 5 does not include Lane as an author but describes a later follow-up of the study first published by Lane. OA diagnoses between groups, though 2 of these studies were small in size and likely were underpowered. 22, 40 The 2 large studies found: (1) no difference in knee OA rates between runners and controls within the same cohort over 8 years, 10 and (2) significantly increased odds of knee OA diagnosis among elite orienteers compared with controls. 26 *** ** ** N a ANOVA, analysis of variance; ICD, International Classification of Diseases; MRI, magnetic resonance imaging; N, no; n/a, not applicable; NR, not reported; NS, not significant; OA, osteoarthritis; OR, odds ratio; PF, patellofemoral; TF, tibiofemoral; TKR, total knee replacement; TKS, total knee score; Y, yes.
b In studies that entailed more than 1 publication, the year given is the year of the first publication, and the author given is the lead author for the first publication. One case-control study 48 identified cases of tibiofemoral OA diagnosis from 6 hospital registers (Table 3 ). The findings indicated no significant difference in the odds of knee OA in patients who had previously participated regularly in orienteering.
One publication from a prospective cohort reported the results of a case-cohort analysis. 29 This result was not extracted because the analysis was not in keeping with the original study design.
Radiographic and Imaging Markers. Nine cohort studies examined radiographic outcomes: 6 measured osteophytes; 1 assessed sclerosis; 3 assessed cartilage thickness, volume, or joint surface area; 1 measured knee joint angle; 1 looked at joint space; and 1 study used a composite score (Table 2) .
For all but 2 of these outcomes, no significant differences were reported. Lane et al 28 found that female but not male runners had a higher mean sclerosis score at baseline; and Muhlbauer et al 39 found that male triathletes had a greater joint surface area than controls.
Two studies specifically used MRI to identify joint changes in response to jogging (30 minutes) 38 or running a marathon. 16 Hohmann et al 16 conducted a small study with no comparison reported. Mosher et al 38 found a significant difference in femoral cartilage thickness between In studies that entailed more than 1 publication, the year given is the year of the first publication, and the author given is the lead author for the first publication. marathon runners and controls before, but not after, a 30-minute jog and only among older participants.
No case-control studies identified cases using radiographic markers of knee OA.
Arthroplasty for Knee OA. None of the cohort studies assessed this outcome. Three case-control studies identified cases of knee arthroplasty from hospital registers. 21, 35, 44 No formal comparison was made between runners or orienteers and controls in the Sandmark and Vingard 44 study, although the crude numbers of participants reporting jogging were lower among cases than controls. The other 2 studies found no significant differences.
Knee Pain. Three cohort studies assessed knee pain as an outcome. Two of the studies did not report comparisons. 21, 40 The other study found no significant difference in the odds of knee pain between elite orienteers and controls. 26 No case-control studies identified cases of knee pain. Knee-Associated Disability. Only 2 studies investigated knee-related function or disability as an outcome. 19, 26 Only Kujala et al 26 presented formal statistical comparisons, and they showed no significant difference in the odds of knee-associated disability between male elite orienteers and controls.
No case-control studies defined cases on the basis of knee-associated disability.
Meta-analysis
Due to the heterogeneity of outcome definition and measurement of studies, only 1 meta-analysis was appropriate: This combined the case-control studies that identified cases of knee surgery due to OA (Figure 2) . The combined odds ratio of undergoing knee surgery due to OA was 0.46 (95% CI 0.30-0.71) in runners or orienteers when compared with nonrunners. The I 2 was 0%, with 95% CI 0% to 73%. No subgroup or sensitivity analyses were undertaken due to the small number of studies.
DISCUSSION
This review has systematically gathered the peer-reviewed evidence regarding the role of running in the development of knee OA. Five types of outcome relating to knee OA were considered: diagnosis, radiographic markers, surgery, and the symptomatic indicators of consistent knee pain and knee-associated disability.
From this evidence, it is not possible to conclude whether running was associated with a diagnosis of knee OA, and studies offered differing conclusions. Nor was there evidence to support a difference in radiographic or other imaging markers between runners and controls, with the exception being 2 studies that observed differences at baseline and only among subgroups (females 28 and older adults 38 ). At follow-up, observed differences in these studies were not apparent. Evidence relating to symptomatic outcomes was sparse and therefore inconclusive.
However, a key finding of this review was the result of the meta-analysis, which suggested that runners had around a 50% reduced odds of undergoing surgery due to OA. The meta-analysis was based on case-control evidence and presents for the first time the odds ratio for the proportions reported in the Sandmark and Vingard 44 study. The meta-analysis result contradicts the apparent increased odds of OA diagnosis reported by Kujala et al 26 as well as the conclusion of Felson et al, 10 who found no effect of running on OA diagnosis. Three possible explanations are available for these inconsistencies.
First, the differences could be due to the different study designs; Kujala et al 26 and Felson et al 10 used prospective cohorts, whereas the meta-analysis used only retrospective data, which could reflect recall bias. No cohort evidence in this review investigated surgery as an outcome.
Second, the populations under investigation are not the same. Kujala et al 26 studied elite-level orienteers only, whereas the samples of Felson et al 10 and the case-control studies implied broader exposure levels. Although this review was broad in its definition of running, it is possible that different types and performance levels of running relate differently to knee OA.
Third, the outcomes are differently defined in these studies. Whereas surgery is often taken as a proxy for severe OA diagnosis, it could be speculated that the relationship between running and OA varies according to disease severity. So, for example, running could protect against the progression of OA to severe stages, if not against a diagnosis of mild or moderate OA. An alternative explanation for the meta-analysis result is that runners similarly experience severe OA but simply delay opting for surgery, either due to a different threshold of disability or because they do not wish to discontinue running after surgery. This remains conjecture at this point, due to the paucity of evidence, and other explanations may underlie these findings. As well, the meta-analysis included only unadjusted results, so the influence of confounding factors such as body mass index cannot be ruled out.
The literature on overall leisure-time physical activity and knee joint replacement is a little more plentiful but no more conclusive. Studies have variously reported no association, 1,2,35 a dose-response increase in risk, 53 or a reduced risk but only at higher levels of activity (in men 35 and in women 1 ). At least 2 of these studies did not adjust for knee joint injury.
2, 53 Manninen et al 35 postulated that the relationship may be nonlinear, because quadratic terms improved the fit of regression models, implying a U-shaped curve. Comparing the findings of this review to the literature on physical activity, however, may not be useful if, as previously discussed, running has a role independent of other sports and activities.
An important caveat in interpreting this evidence relates to its quality. Given the nature of observational studies, only low-to moderate-quality evidence could be expected. 13 However, the assessment of potential bias undertaken in this review indicated that many studies would be downgraded to low or very low quality. Only 4 studies were prospective (or ambispective) in design, and only one of these 10 was a large, well-designed, prospective study that addressed recreational (as well as more competitive) running, recruited controls from same source, and entailed appropriately adjusted analyses.
Most studies failed to take previous injury into account when looking at OA outcomes. Only 2 studies 10,35 adjusted for knee injury in analyses, and 4 studies excluded participants with prior injury. 16, 38, 39, 44 This is a key weakness in the evidence, given the strong association between injury and development of OA. 3, 50 Without this adjustment, it cannot be judged whether the positive association reported by Kujala et al, 26 for example, was attributable to exposure to running (in the form of orienteering) or was due to the fact that elite-level orienteers were more prone to injury, therefore increasing their odds of OA diagnosis. This confounder could have influenced the results of many of the studies presented here.
The review by Shrier 45 concluded that running (at recreational or moderate level) does not cause or worsen OA. However, this included OA of any joint. The current review was unable to make a similar conclusion, due to the paucity of and contradictions in the evidence relating specifically to knee OA. Another more recent review 8 reported increased odds of knee OA for elite-level runners. However, this finding was based on only 2 publications, 24, 25 and the synthesis of data was methodologically flawed: (1) the prevalence rates of the 2 publications were combined, although both publications included runners from the same study, therefore effectively including the same participants twice, and (2) the authors calculated an additive odds ratio of the 2 studies rather than reporting a pooled estimate from a meta-analysis.
Although every attempt was made to minimize bias in the conduct of the current review, a number of limitations are important to mention. First, gray literature was not included in the eligibility criteria. As a result, the findings of this review may reflect publication bias. It was not possible to investigate publication bias by use of funnel plots due to the small number of studies. In addition, the meta-analysis included only a small number of studies, with odds ratios that represent unadjusted proportions (ie, odds were not adjusted for confounding factors). Although the I 2 indicated low heterogeneity, the upper 95% CI of the I 2 is high (73%), and the pooled estimate should be interpreted with caution. Furthermore, the pooled result chiefly reflects the findings of 1 study, by Sandmark and Vingard, 44 which has been heavily weighted by the Mantel-Haenszel method. However, the smaller studies included in the meta-analysis implied the same direction of effect, albeit with wide confidence intervals. None of the odds ratios included in the meta-analysis were controlled for confounding variables, which is an important limitation to take into account when interpreting the results.
A strength of the review was the inclusion of several types of outcome that related to knee OA. This allowed exploration into the possible differences in reported relationships according to outcome. That different measures may respond differently to an exposure is not a new idea. Urquhart et al 51 offered a similar explanation for the contrasting findings of their review of physical activity and knee joint structures. The small number of studies relevant to each outcome in the current review, however, makes it hard to establish whether this is the case with running.
This comprehensive search revealed several gaps in the evidence base. For example, none of the cohort studies had examined arthroplasty as an outcome. In addition, most of the cohort studies recruited runners and controls from different sources and were at risk of sampling bias, compounded by a failure to account for confounding factors. Furthermore, the current review has highlighted the dearth of evidence in recent years-only 4 publications in the past decade-which is surprising given the divergent (and often underpowered) findings reported previously. The absence in this review of evidence from the Osteoarthritis Initiative (OAI), 32 a key OA cohort, is perhaps also surprising. However, until recently, data on specific physical activities were not available for the OAI. It would be interesting to examine the recently released data from the Lifetime Physical Activity Questionnaire administered at the 96-month follow-up of the OAI. As well as this, further evidence from well-designed, prospective studies would help to clarify the contradictions observed.
CONCLUSION
This review was unable to identify a role of running in the development of knee OA. Moderate-to low-quality evidence suggests both a positive association with OA diagnosis and a negative association with knee replacement surgery. Currently, on the basis of published evidence, we are unable to offer advice about the potential effect on
